T he increased prevalence of obesity in children, a major health problem, 1,2 has coincided with a large increase in the consumption of sugar-sweetened beverages. 3 These beverages are considered to be more fattening than solid foods because they do not lead to a sense of satiety. 4 Thus, children who increase their consumption of sugar-sweetened beverages may not reduce their intake of calories from other foods and beverages, with a resultant increase in total energy intake and weight gain.
Consumption of sugar-sweetened beverages has been associated with weight gain in most observational studies, [5] [6] [7] [8] though not all such studies. 9, 10 However, children who drink more sugar-sweetened beverages also tend to eat more fast food and to watch more television. 11 Most studies adjust statistically for such confounders, but residual and unmeasured confounding cannot be ruled out. 12, 13 Results of available trials are inconclusive, 14-19 possibly owing to small samples, a lack of adequate placebos, a short duration of the study, lack of individual randomization, or a combination of these factors. In addition, effectively blinded trials are important, because when investigators and participants know which treatment should cause weight loss, results may be biased. 20 We conducted the Double-blind, Randomized Intervention Study in Kids (DRINK) 20 to examine the effect on weight gain of masked replacement of sugar-sweetened beverages with noncaloric, artificially sweetened beverages. The double-blind design permitted the study of physiological mechanisms that were independent of behavioral cues and voluntary changes in consumption.
Me thods

Design and Study Population
The study was an 18-month, double-blind, randomized, controlled trial involving schoolchildren living in the community who were 4 years 10 months to 11 years 11 months of age. The design of the study has been described previously. 20 The study started on November 14, 2009 , and ended on July 22, 2011. We recruited children at eight elementary schools in an urban area near Amsterdam. Baseline characteristics, including usual beverage consumption, were determined with the use of a questionnaire. Children were eligible only if they commonly drank sugar-sweetened beverages, because we considered it unethical to provide sugary beverages to children who did not habitually consume such beverages. We excluded children with various medical conditions (see Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). We enrolled and individually randomly assigned 641 children, stratified according to school, sex, age, and initial body-mass index (BMI, the weight in kilograms divided by the square of the height in meters) (Fig. 1) . 20 Children in the same household received the same type of beverage, but they were unaware of this assignment.
For each child enrolled in the study, written informed consent was provided by a parent or guardian who had obtained assent from the child. The study protocol was approved by the medical ethics committee of VU University Medical Center Amsterdam and is available at NEJM.org. Refresco Benelux, the manufacturer of the beverages, had no role in the design of the study, the accrual or analysis of the data, or the preparation of the manuscript. All authors vouch for the accuracy of the data and the fidelity of the study to the protocol.
Intervention
We provided children with 1 can per day of a noncaloric, artificially sweetened, noncarbonated beverage or a sugar-containing noncarbonated beverage. We developed custom drinks for this study to ensure that the sugar-free and sugar-containing drinks tasted and looked essentially the same. 20 We hired Refresco Benelux to produce these beverages. The identical-looking 250-ml (8-oz) cans provided either 0 or 26 g of sucrose (0 or 104 kcal per day). The sugar-free beverages contained 34 mg of sucralose and 12 mg of acesulfame potassium per can. 21 Participating children received a box at school each week labeled with their name and containing 8 cans, 1 for each day of the week plus 1 extra to be used as a spare in case a can was misplaced. The teachers checked to see whether the children consumed their beverage during the morning break in class and reminded them to take cans home for the weekend and any holidays.
We measured body weight, height, skinfold thickness (of the biceps, triceps, and subscapular and suprailiac regions), waist circumference, and arm-to-leg electrical impedance, and we collected urine samples at 0, 6, 12, and 18 months. 20 For children who stopped drinking the beverages before the study was completed, measurements were obtained if the parent or guardian consent-ed and the child assented. Data were available at 18 months for 136 children who did not complete the study and for 477 children who did complete the study. Each child was evaluated by the same investigator throughout the study. Two specially trained researchers measured the waist circumference and the thickness of four skinfolds.
Adherence
We provided frequent incentives for schools, teachers, parents, and children, including tournaments, newsletters, birthday cards, and small gifts to encourage adherence. We requested that parents report adverse events by contacting us through the e-mail address or telephone number printed on each beverage can. 20 We visited the schools at least once a month to ensure that the study beverages were delivered correctly to the classrooms. We calculated the adherence rate per child during school days from the number of cans returned empty, half-filled, or full during one randomly selected week each month ( A total of 164 children stopped consuming the study beverages. Measurements in 136 of these children (79 children in the sugar-free group and 57 in the sugar group) were available at 18 months. Thus, measurements in 28 children who did not complete the study (15 children in the sugar-free group and 13 in the sugar group) were not available at 18 months. We randomly assigned 641 children, not 642, as previously reported, 20 since after unblinding, one child whom we believed to have undergone randomization 20 had not undergone randomization.
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Statistical Analysis
Our predefined primary analysis involved the 477 children who completed the study (i.e., the children who consumed the study beverages throughout the study). 20 We also used multiple imputation to impute the outcome values for the 164 children who did not complete the study at 18 months. We created 30 multiple imputed-data sets with five iterations, using the multivariate imputation by chained-equations algorithm in R software, version 2.13. Variables included in the imputation model were age at baseline, race or ethnic group, parents' level of education, sex, compliance, study group, and baseline and 18-month measurements -when available -of the outcome being predicted. The primary outcome 20 was the BMI z score (expressed as the number of standard deviations by which the BMI differed from the mean for a child's age and sex in the Netherlands). 23 Prespecified secondary outcomes were the waist-toheight ratio, the sum of the four skinfold-thickness measurements, and fat mass determined by means of electrical impedance. 20 Additional outcomes were weight, height, z score for height, 23 waist circumference, and weight change adjusted for height change. Responses of the two study groups to the beverages were compared with two-sided t-tests. We performed adjusted analyses with linear regression, using SPSS software. Prespecified adjustments for interdependency of outcomes in siblings, degree of adherence, and baseline values 20 had negligible effects on outcomes (Tables  S3, S4 , and S5 in the Supplementary Appendix).
R e sult s
Participants
Baseline characteristics were similar in the two study groups, except for a difference in the parents' level of education ( Table 1 ). The mean BMI z score was 0.03, which corresponded with the 51st percentile of Dutch children. 23 The SD of 1.02 confirmed that our sample was representative of Dutch children, for whom the SD equals 1.00 by definition. At baseline, the participants consumed a mean (±SD) of 1.02±0.20 sugar-sweetened beverages in the classroom during the 10 a.m. break, Monday through Friday, and 1.50±1.40 sugarsweetened beverages per day during weekends.
The net duration of the study was a mean of 541±8 days. 20 The percentage of participants who consumed the study beverages decreased from 100% at the beginning of the study to 88% at 6 months, 81% at 12 months, and 74% at 18 months (Fig. 1) . The major reasons for discontinuing the study were dislike of the beverage (accounting for 69% of the children who discontinued the study) and minor adverse events (13%); weight gain accounted for 4% of children who discontinued the study (four in the sugar group and two in the sugar-free group) (Fig. 1 , and Table S6 in the Supplementary Appendix).
Adherence and Blinding
A total of 26% of the participants stopped consuming the beverages. These children had a slightly higher BMI at baseline, and their parents had completed fewer years of school (Table S7 in the Supplementary Appendix). This difference in educational levels theoretically might have influenced the effect of the beverages on weight loss. During the first 6 months of the study, however, weight loss was the same among children who ultimately completed the study as among children who discontinued the study after 6 months or more (Fig. S1E in the Supplementary Appendix). The proportion of children who were aware of the type of beverage they were consuming was similar among children who did and those who did not complete the study (Table S8 in the Supplementary Appendix) . Also, most children who did not complete the study were lean, and few children dropped out because of concern about weight (Tables S6 and S7 in the Supplementary Appendix). Most children who stopped drinking the study beverages did so because they no longer liked the beverages. Analyses in which missing values were imputed ( Table 2 ) also suggested that results for the full cohort would have been similar to those for the children who completed the study.
The 477 children who completed the study consumed 5.8 cans, or 83% of the assigned 7 cans per week, with no difference according to the type of beverage consumed and no changes over time (Table S2 in the Supplementary Appendix). The mean level of urinary sucralose was 6.7±4.7 mg per liter in the sugar-free group and 0.1±0.3 mg per liter in the sugar group (Fig. 2) , indicating adherence in the group of children who drank the artificially sweetened beverages.
At 18 months, 609 children were asked which type of beverage they thought they had received (Table S8 in the sugar-free group and 50% in the sugar group answered that they did not know, 36% in the sugar-free group and 27% in the sugar group answered "artificially sweetened," and the remainder said "sugar-sweetened." The proportion of participants who correctly responded "artificially sweetened" was 21% (95% confidence interval [CI], 12 to 30) higher (47 more children) than expected by chance, as estimated with the "blinding index" described by Bang et al. 27 In the sugar group, the proportion of children who were aware of the type of beverage they had consumed was 3% (95% CI, −12 to 6) lower (7 fewer children) than expected. Among 135 children who did not complete the study, the beverage was correctly identified by 12% more, or 9 more children, than expected, in the sugar-free group, and by 1 less child than expected in the sugar group. As % of body weight 18 18 * Plus-minus values are means ±SD. There were no significant between-group differences at baseline except for the educational level of the parent or guardian (P = 0.02). P values were based on chi-square tests and t-tests. † Data were available for 633 children; eight households did not provide this information. A child was classified as Dutch if both parents were born in the Netherlands and as non-Western if one or both parents were born in Suriname, Dutch Antilles, Turkey, Morocco, Russia, Egypt, or Vietnam. ‡ Data were available for 632 children; nine households did not provide this information. We based the educational level on that of the parent or guardian who had the higher level of education. § The z scores for BMI and height were calculated with the use of the data described by Schönbeck et al. 23 ¶ We used international cutoff points for low and normal BMI 24 and for overweight and obesity. Children were considered to have completed the study if they consumed the beverages for the full 18 months. Mean changes for the children who completed the study may differ slightly from the difference between means at 18 and 0 months because measurements were not available from a few participants at either time point. We used R software, version 2.1, to impute end points for the 164 participants who discontinued the study and SPSS software, version 17.0, for all other analyses.
In the full cohort of 641 children, the mean BMI z score increased by 0.02±0.41 SD units in the sugar-free group and by 0.15±0.42 SD units in the sugar group (Table 2) when missing values were imputed. The mean difference of 0.13 SD units was significant. The sugar-free group gained significantly less body fat, as evidenced by skinfold thickness, waist-to-height ratio, and electrical impedance. The mean weight increased by 6.35±3.07 kg in the sugar-free group and by 7.37±3.35 kg in the sugar group. The mean difference of 1.01 kg (2.2 lb) was significant. The mean difference in weight gain decreased to 0.82 kg (P = 0.002) when adjusted for height change. The BMI adjusted for age 28 increased 0.36 less in the sugar-free group than in the sugar group (P = 0.001). An alternative method for handling missing data -namely, complete case analysis with covariate adjustment 29 -yielded very similar results and levels of significance (Table S9 in the Supplementary Appendix). Similar results were also seen in the 477 children who consumed the study beverages for the full 18 months (74% of the children enrolled) ( Table 2 and Fig. 3) . Children in the sugar-free group who completed the study gained 35% less body fat than those in the sugar group, according to impedance measurements, 26 and 19% less when fat mass was calculated from the sum of the thicknesses of four skinfolds. According to the changes in skinfold thickness, the sugar-free group gained 1.47 kg of body fat and the sugar group gained 1.82 kg. 30 Most of the effect on BMI z score and weight was achieved in the first 6 months (Fig.  3B, and Fig. S2B in the Supplementary Appendix). The mean height increased by 10.21±1.85 cm in the sugar-free group and by 10.57±1.93 cm in the sugar group. The mean difference of 0.36 cm (0.14 in) was significant (P = 0.04), but the difference in z score for height was not significant ( Table 2) .
We obtained measurements at 18 months in 136 of the 164 children who did not complete the study. When we combined their measurements with those in the 477 children who completed the study, the mean BMI z score increased by 0.06±0.44 SD units in the sugar-free group and by 0.12±0.44 SD units in the sugar group. The mean difference of 0.07 SD units was not significant (95% CI, −0.134 to 0.002; P = 0.06).
Discussion
We found that masked replacement of a sugarcontaining beverage with a sugar-free beverage significantly reduced weight gain and body fat gain in healthy children. Our study had several strengths. The double-blind design eliminated the effects of psychological cues and socially desirable behavior and allowed testing of biologic mechanisms alone. Although blinding was im- 
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Figure 2. Urinary Sucralose Concentrations.
The sucralose concentration was determined in spot urine samples by means of liquid chromatography with mass spectrometry. 21 Samples were obtained from randomly selected children who completed the study. We assigned a value of 0.01 to samples below the detection limit of 0.02 mg per liter. The upper and lower ends of the boxes indicate the 25th and 75th quartiles, the black dots means, the horizontal lines within the boxes medians, the upper whisker the maximum value, and the lower whisker the minimum value. Values for the sugar-free group are based on samples obtained from 116 children at 6 months and from 117 children at 12 and 18 months. Mean (±SD) urinary sucralose concentrations were 6.3±3.7 mg per liter at 6 months, 6.6±4.5 mg per liter at 12 months, and 7.0±5.6 mg per liter at 18 months; sucralose was undetectable in 3% of samples at 6 months, 8% of samples at 12 months, and 10% of samples at 18 months. Values for the sugar group are based on samples obtained from 54 children at 6 months and 36 children at 12 and 18 months. Mean values were 0.04±0.13 mg per liter at 6 months, 0.03±0.14 mg per liter at 12 months, and 0.31±0.56 mg per liter at 18 months; sucralose was undetectable in 93% of samples at 6 months, 97% of samples at 12 months, and 67% of samples at 18 months. We also pooled 543 samples from participants at baseline to produce 20 pools. The mean sucralose concentration in these samples was 0.06±0.07 mg per liter.
perfect, it was more successful than in most randomized, double-blind trials. 31, 32 Measurements of urinary sucralose levels suggested a high rate of adherence. Previous trials may have yielded inconsistent results because of small samples, short duration, poor adherence, or lack of individual randomization. [14] [15] [16] [17] [18] [19] Our sample size was adequate to allow precise outcomes, and the 18-month study duration ensured that the observed effect was not transient. The large sample and stratified randomization produced well-balanced study groups at baseline. We assume that the mean changes in other factors that affect weight were also similar between the groups. Thus, the observed differences in body fat and BMI z score can be ascribed primarily to the assigned beverage. Our study had certain limitations. A total of 26% of the participants did not complete the study. However, as long as they were participating in the study, their changes in weight and body fat paralleled those in children who ultimately completed the study. We therefore suggest that the study beverage was not inherently inefficacious in these children. Data on weight and height at the end of the study were available for most of the children. When we pooled those measurements with the measurements for the children who completed the study, the effect of the study beverage became smaller and nonsignificant. This finding was expected; the children who did not complete the study probably went back to drinking sugary beverages, which attenuated the effect of any sugarfree beverages that they consumed before discontinuation.
Approximately 0.5 kg of the difference in weight gain between the two study groups was due to fat mass. We speculate that another 0.3 kg may have been due to the changes in lean mass that accompany changes in body fat. [33] [34] [35] Thus, about 0.8 kg of the difference in weight gain was probably due to body fat and associated muscle and other tissues. 33 Another 0.2 kg can be ascribed to the difference in height gain. 23 Therefore, the increases in body weight as predicted from increases in fat mass and height differed by about 1 kg between the study groups. This estimate is consistent with the actual measured difference in body-weight change.
Although the difference in height gain was minute, it warrants scrutiny. Some studies suggest that obese prepubertal children are indeed taller than normal-weight children. 36 However, obesity is associated with an earlier onset of puberty, 37-39 which predicts shorter stature in adults. 40 The increase in BMI in Dutch children in the past decades has not led to an increase in final height. 23 We speculate that a modest reduction of liquid calories in children will have little effect on adult height.
A plausible explanation for the observed reduction in body fat is that the removal of liquid sugar was not sensed by satiating mechanisms and was incompletely compensated for by the increased consumption of other foods. 41 We speculate that reduced ingestion of liquid sugars might also The z score for BMI is the BMI expressed as the number of standard deviations by which a child differed from the mean in the Netherlands for his or her age and sex. Panel A shows mean z scores for the two study groups over the 18-month study period. Panel B shows the between-group difference in the mean change from baseline (the mean change in the BMI z score in the sugar-free group minus the mean change in the sugar group), as a function of time. T bars in both panels indicate standard errors.
reduce the insulin spike and thus diminish hunger. 42 We find it less likely that our results were caused by the artificial sweeteners in the sugarfree beverages, because sweeteners do not suppress caloric intake. 43, 44 Therefore, we assume that water or other noncaloric beverages would be as effective.
In observational studies, the consumption of artificially sweetened beverages is associated with weight gain rather than weight loss. 45, 46 This finding has led to the hypothesis that artificial sweeteners induce weight gain (e.g., by activating sweet-taste receptors in the gut). 47 Our findings do not support this hypothesis. Alternatively, people who are at risk for gaining weight may turn to artificial sweeteners in an attempt to reduce caloric intake. 45, 46 Consumers may also believe that the use of such sweeteners permits them to eat more of other foods, but this may lead to a net increase in total caloric intake. 46 Whatever the explanation, the epidemiologic association of the use of artificial sweeteners with obesity does show that switching to artificially sweetened beverages by itself is insufficient to combat weight gain.
The participants in our study were healthy Dutch children, most of whom were white and of normal weight. Thus, we do not know whether the results would be similar in other ethnic groups, obese children, or adults, though we speculate that the same biologic mechanisms are operative. The findings of Ebbeling et al., 48 reported elsewhere in this issue of the Journal, would support such speculation. The findings of Qi et al., 49 reported elsewhere in this issue of the Journal, suggest that persons with a genetic predisposition to obesity are especially susceptible to the effects of sugar-sweetened beverages on BMI.
Children in the United States consume on average almost three times as many calories from sugar-sweetened beverages as the amount provided in our trial. 50 We speculate that decreased consumption of such beverages might reduce the high prevalence of overweight in these children.
